Background The neuronal splicing factor neuro-oncological ventral antigen 1 (NOVA1) is enriched in normal fibroblasts. Stromal spindle cells such as fibroblasts are major components of tissue inflammation and tertiary lymphoid structures within the microenvironment that contribute to the survival and growth of cancer cells. In the present study, we investigated changes of NOVA1 expression in tertiary lymphoid structures in early and advanced gastric cancer microenvironments in terms of tumor progression and immune regulation. 
Introduction
The microenvironment contributes to the survival and growth of cancer cells. Tumor growth involves coevolutionary processes among tumor cells, extracellular matrix, vasculatures, and immune cells [1] . Cancer-associated inflammation or tertiary lymphoid structures made by ectopically accumulated immune lymphoid cells and matrix components are formed within the tumor microenvironment as an immune reaction in response to stimuli of tumor growth [1] [2] [3] [4] [5] .
Neuro-oncological ventral antigen 1 (NOVA1) is involved in the neuronal splicing program [6] [7] [8] [9] . A recent study revealed that NOVA1 is enriched in normal fibroblasts, suggesting involvement in the splicing programs of normal fibroblasts [10] . We previously noted that NOVA1 is expressed in only a small number of T cells within normal physiologic secondary lymphoid structures such as the palatine tonsils [11] . On the other hand, it is strongly upregulated in the accumulated T cells and fibroblasts/stromal spindle cells/reticular support cells of the tissue matrix within benign inflammatory tissue of the stomach such as in chronic gastritis or Helicobacter gastritis (Fig. S1 ). Given that stromal spindle cells such as fibroblasts are major components of tissue inflammation or tertiary lymphoid structures within the microenvironment [1] [2] [3] and that these cells actively regulate immune cells in the inflammatory process [1] , NOVA1 seems to be induced in ectopically accumulated T cells via active interaction with stromal spindle cells during the immune response or inflammatory processes [11] . However, in cancer-associated inflammation or tertiary lymphoid structures, NOVA1 expression is frequently suppressed in T cells within the gastric cancer microenvironment, and that suppression correlates with poor survival in advanced gastric cancer patients [11] .
In the present study, we extended the previous findings and robustly investigated NOVA1 expression in large numbers of early and advanced gastric cancer tissues. We evaluated changes in NOVA1 expression according to tumor progression from the early to the advanced stage and associated clinicopathologic implications. In particular, the association between NOVA1 expression and immune cell regulation within the tumor microenvironment was analyzed.
Materials and methods

Patients and clinical data
Archived formalin-fixed, paraffin-embedded tissues were obtained from 396 patients with gastric carcinoma. Among them, 146 had early gastric cancer and 250 had advanced gastric cancer. Standard resection with curative intent was performed at Korea University Guro Hospital from 2002 to 2005. No preoperative treatment was performed. According to tumor stage, 96 % (62 % of all the patients studied) of the indicated patients received postoperative 5-fluorouracil-based adjuvant chemotherapy. The mean follow-up period was 50.3 months (median 53.9 months; range 0-84.5 months). Clinicopathologic data were obtained from medical records and the histopathologic features of all patients were reviewed by pathologists. Tumors were classified according to the seventh American Joint Committee on Cancer (AJCC) TNM cancer classification system, the World Health Organization classification, and the Japanese classification [12] [13] [14] . The clinicopathologic characteristics of the patients are described in Table 1 . The institutional review board of our institution approved this study.
Tissue microarray preparation and immunohistochemistry
Sections of formalin-fixed, paraffin-embedded tissues were prepared and stained with hematoxylin and eosin. Under NOVA1 expression was analyzed according to the previously described semiquantitative approach [11, 15] . Staining intensity (1, no staining to weak intensity; 2, moderate intensity; 3, strong intensity) was multiplied by the percentage of positive cell nuclei (1, 0-9 %; 2, 10-19 %; 3, 20-29 %; 4, 30-39 %; 5, 40-49 %; 6, 50-59 %; 7, 60-69 %; 8, 70-79 %; 9, 80-89 %; 10, 90-100 %). NOVA1 expression was scored from 1 to 30 and classified as strong (score 21-30), moderate (score [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] , or weak (score 1-10). The expression pattern of NOVA1 was evaluated in tumor cells, stromal spindle cells (fibroblasts, support cells, and endothelial cells), and immune cells (Fig. 1A) . Regarding stromal spindle cells and immunes cells, NOVA1 expression was evaluated within the tumor cell nests and invasive tumor front area. Considering that our previous study had found that NOVA1 was expressed only in T cells and not in B cells or macrophages (Fig. S1 ) [11] , we focused on the NOVA1 expression in T cells by comparing the CD3
? cells. For indicated cases that showed noncohesive, poorly differentiated histologic features, tumor cells were identified by comparing cytokeratin-positive cells.
Cell density
Although all tissue cores were confirmed to contain appropriate tumor tissue occupying at least 50 % of the core area, the ratio of epithelial (tumor) area to stromal area differed among tissue cores. Therefore we counted tumorinfiltrating immune cells within the tumor cell nests and invasive tumor front area [16] . Stained slides were scanned with a ScanScope CS system (Aperio Technologies, Vista, CA, USA), and the images were viewed with use of the Aperio ImageScope program (version 11.2.0.782; Aperio Technologies, Vista, CA, USA). The morphology and number of macrophages, T lymphocytes, and neutrophils were assessed by a hematopathologist (S.O.Y.). CD68
? macrophages, CD163
? M2 macrophages, CD3 ? T lymphocytes, MPO
? neutrophils, and FOXP3 ? regulatory T cells (Tregs) that infiltrated within the tumor microenvironment were evaluated as follows: The five most representative 9400 magnification high-power fields were selected from the digital immunohistochemistry slides for CD68, CD163, CD3, MPO, and FOXP3. Preserved intact nuclei were counted manually, and the cell numbers were averaged. When the cell density was above the mean value of the overall cases, the sample was defined as high density for that inflammatory cell type (Fig. 1B) .
Statistical analysis
Pearson correlation, one-way ANOVA, t, and v 2 tests were used as appropriate to analyze differences between the variables examined. Survival rates were analyzed with the Kaplan-Meier method, and differences were compared with the log-rank test. Overall survival was measured from the date of diagnosis to that of gastric cancer-associated death or the last follow-up visit. Univariate and multivariate analyses were performed with the Cox proportional hazards model. Parameters showing statistical significance (P \ 0.05) on univariate analysis were included in the multivariate analysis, which was performed with a backward stepwise method. Two-sided P values less than 0.05 were considered statistically significant. Statistical analyses were performed with IBM SPSS Statistics for Windows version 22.0 (IBM, New York, NY, USA).
Results
Association between NOVA1 expression and immune cell infiltration within the gastric cancer microenvironment
The distribution of NOVA1 expression in tumor cells, T cells, and stromal spindle cells is presented in Fig. 2A-C . The NOVA1 expression status among tumor cells, T cells, and stromal spindle cells were strongly correlated with each other (correlation coefficient, 0.39-0.53; P \ 0.001; Table S1 ). Infiltrating densities of T lymphocytes, macrophages, and neutrophils revealed weak positive linear correlation with each other (Fig. S2a-c) . The densities of FOXP3
? Tregs and CD3 ? T lymphocytes also revealed weak positive linear correlation (Fig. S2d) . The densities of CD163
? M2 macrophages and CD68? macrophages were also strongly correlated (Fig. S2e) (Fig. S3) .
Although the density of infiltrating CD3 ? T cells was not significantly different according to NOVA1 expression status, the density of FOXP3
? Tregs was higher when the NOVA1 expression level increased in T cells, tumor cells, and stromal spindle cells (Fig. 2D-F) . In contrast, the densities of CD68
? macrophages and CD163 ? M2 macrophages were significantly lower when the NOVA1 expression level increased in T cells, tumor cells, and stromal spindle cells (Fig. 2G-L) .
Association between NOVA1 expression in tumor cells, T cells, and stromal spindle cells and clinicopathologic factors
When the tumor invasion depth [which corresponds to the pathologic T (pT) category, from pT1 to pT4] increased, the proportion of weak NOVA1 expression also increased, and the proportion of strong expression decreased in tumor cells, T cells, and stromal spindle cells (Fig. 3A-C) . When lymph node metastasis [which corresponds to the pathologic N (pN) category, from pN0 to pN3] rose, the proportion of weak NOVA1 expression increased, and the proportion of strong expression decreased in tumor cells and stromal spindle cells, but not in T cells (Fig. 3D-F) .
Regarding the AJCC TNM stage, more advanced stages showed an increasing proportion of weak NOVA1 expression and a decreasing proportion of strong NOVA1 expression in tumor cells and stromal spindle cells, but not in T cells. Specifically, within the stage IV group, no cases had strong NOVA1 expression in tumor cells, T cells, or stromal spindle cells (Fig. 3G-I ). On multiple logistic regression analysis for the correlation between clinicopathologic factors and NOVA1 expression, weak NOVA1 expression in stromal spindle cells was independently associated with more advanced pT category (specifically pT3 and pT4), pN category (specifically pN3), and AJCC TNM stage (specifically stage III). Weak and moderate NOVA1 expression in tumor cells was associated with 
(NOVA1) expression in T cells (A), tumor cells (B), and stromal spindle cells (C). Densities of forkhead box P3 positive (FOXP3?) regulatory T cells (T regs) are lower when NOVA1 expression is lower in T cells (D), tumor cells (E), and stromal spindle cells (F). Densities of CD68
? macrophages and CD163 ? M2 macrophages are higher when NOVA1 expression is lower in T cells (G, J), tumor cells (H, K), and stromal spindle cells (I, L). The values shown in the histograms are the mean ± the standard error. Statistically significant differences are indicated by one asterisk (P \ 0.05), two asterisks (P \ 0.005), and three asterisks (P \ 0.001) as determined by ANOVA tests more advanced pN category (specifically pN3) and AJCC stage (specifically stage III) ( Table S2 ).
The proportion of weak NOVA1 expression increased in the case of undifferentiated histologic type when compared with differentiated histologic type in tumor cells (Fig. 3J ), but not in T cells and stromal spindle cells (P = 0.086 and P = 0.732 respectively). For lymphovascular invasion, the proportion of strong expression decreased in stromal spindle cells (Fig. 3K ), but not in tumor cells and T cells (P = 0.097 and P = 0.096 respectively). Patient-related factors such as age and sex were not significantly associated with NOVA1 expression in tumor cells, T cells, or stromal spindle cells (Table S2) .
Patient outcome according to NOVA1 expression
In the Kaplan-Meier analysis for overall survival, attenuated (weak and moderate) NOVA1 expression in tumor cells was significantly associated with inferior overall survival when compared with strong expression (Fig. 4A , plot a). Attenuated (weak and moderate) NOVA1 expression in T cells and stromal spindle cells within the microenvironment was also significantly associated with inferior overall survival when compared with strong expression (Fig. 4A, plots b, c) . According to the density of infiltrating immune cells within the tumor microenvironment, high densities (more than the mean value) of CD3 ? T cells and FOXP3 ? Tregs were significantly , and stromal spindle cells (c) was significantly related to a superior overall survival rate compared with attenuated (weak and moderate) expression. Information on survival was not clear in one case; therefore, overall survival was analyzed in 395 cases for which there was reliable information during the follow-up period. Survival function curves and survival rates were determined by the Kaplan-Meier method, and differences in survival rates were compared by the log-rank test. B High density of CD3 ? T cells (a) and forkhead box P3 positive (FOXP3?) regulatory T cells (Tregs) (b) was related to superior overall survival rate, whereas a high density of CD68 ? macrophages was related to an inferior overall survival rate (c). A high density of CD163
? M2 macrophages (d) showed a tendency to be related to an inferior overall survival rate. Information on survival and/or immune cell infiltration was not clear in some cases; therefore, overall survival was analyzed in cases for which there was reliable information. Survival function curves and survival rates were determined by the KaplanMeier method, and differences in survival rates were compared by the log-rank test correlated with superior overall survival (Fig. 4B, plots a,  b) , whereas a high density of CD68
? macrophages was significantly associated with inferior overall survival (Fig. 4B, plot c) . A high density of CD163
? M2 macrophages showed a tendency toward correlation with inferior overall survival (Fig. 4B, plot d) . The density of infiltrating neutrophils was not correlated with overall survival (P = 0.443). Among other clinicopathologic factors, age greater than 60 years (P = 0.024), undifferentiated histologic type (P = 0.001), lymphovascular invasion (P \ 0.001), more advanced pT category (P \ 0.001), and more advanced pN category (P \ 0.001) were also associated with inferior overall survival . Tumor location (high body versus non-high body) was not related to the overall survival rate. On multivariate analysis, attenuated NOVA1 expression in tumor cells was independently associated with inferior overall survival ( Table 2) .
Discussion
We investigated the implications of NOVA1 expression in immune cell regulation within the cancer microenvironment. In addition, we examined the change of NOVA1 expression within the cancer microenvironment according to tumor progression stage and patient outcome. Strong NOVA1 expression in tumor cells, T lymphocytes, and stromal spindle cells was associated with favorable clinical outcomes in terms of tumor stage and overall survival, whereas attenuated (weak and moderate) expression was more related to poor clinical outcomes. In other words, when NOVA1 expression was lower in tumor cells, T cells, and stromal spindle cells, tumors invaded more deeply into the gastric wall, metastasized to more lymph modes, and were correlated with an inferior overall survival rate.
The close association between NOVA1 suppression and poor prognosis seems to be related to immune dysfunction. NOVA1 expression was not correlated with the density of overall infiltrating immune cells (lymphocytes, macrophages, and neutrophils) or infiltrating T cells. Since NOVA1 suppression was not related to T-cell depletion or paucity of overall immune cells, it may be related to changes in the immune surveillance function of the tertiary lymphoid structures. We found that NOVA1 expression was related to changes in immune cell composition; when its expression was attenuated in T cells, tumor cells, and stromal spindle cells, the density of CD68
? macrophages and CD163
? M2 macrophages increased, whereas the density of FOXP3
? Tregs decreased. These findings suggest that NOVA1 suppression in cancer cells as well as microenvironment cells may be related to impaired function of Tregs. The prognostic value of infiltrating FOXP3 ? Tregs in the cancer microenvironment is inconsistent, and they are associated with poor prognosis or good prognosis in various cancer types, including gastric cancers [17, 18] . In the present study, the lower number of infiltrating FOXP3
? Tregs in the microenvironment was associated with poor prognosis.
As for tumor-associated macrophages, the antitumor or protumor activity of macrophages has been actively studied in several types of cancers. Specifically, CD163
? M2 macrophages are known to be associated with a tumorpromoting and immunosuppressive phenotype and are, therefore, associated with negative patient outcomes [18, 19] . In the present study, a high number of CD68 ? macrophages within the gastric cancer microenvironment was associated with poor prognosis, and CD163
? M2 macrophages also showed a tendency related to poor prognosis. NOVA1 suppression in cancer cells as well as microenvironment cells may be related to macrophage polarization toward a protumor, immunosuppressive phenotype.
In the present study, attenuated NOVA1 expression in tumor cells was determined to be an independent prognostic factor. Regarding the close correlation of NOVA1 expression status among tumor cells, T cells, and stromal spindle cells as shown in the present study as well as in our previous study [11] , abnormal signaling may be primarily and independently induced by tumor cells, and this abnormal signaling may then secondarily deregulate microenvironment cells. Abnormal signaling molecules may affect the tumor cells themselves as well as the entire microenvironment cells, specifically T cells and stromal spindle cells, which normally show strong NOVA1 expression. In our previous study, miR-146b-5p was suggested to be an epigenetic signaling molecule that could inhibit NOVA1 [11] . In fact, several studies have shown that stromal cells such as cancer-associated fibroblasts or cancer-associated immune cells are epigenetically regulated within the tumor microenvironment through the microRNA signaling induced by tumor cells [20, 21] . The secondarily induced NOVA1 suppression in spindle cells and T cells may result in abnormal tissue matrix function and immune regulation. In fact, stromal spindle cells actively regulate immune cells, as they are major components of tissue inflammation or tertiary lymphoid structures within the microenvironment [1] [2] [3] . Therefore, blocked NOVA1 function in these microenvironment cells may be related to immune escape of aggressive cancers. As a prognostic marker, the epigenetic regulation of NOVA1 may be used as a biomarker to predict patient prognosis and to evaluate the restoration of immune function of the tertiary lymphoid structures as well as tissue matrix function within the tumor microenvironment. We are planning a study of another gastric carcinoma cohort that extends beyond descriptive analysis.
In summary, NOVA1 suppression was frequently noted in the gastric cancer microenvironment and was associated with tumor progression and poor prognosis. Specifically, weak NOVA1 expression in tumor cells was independently related to more advanced tumor stage and inferior overall survival. This finding seems to be related to immune dysfunction through changes in the immune cell composition of T cells and macrophages.
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